Glutamate and related acidic amino acids are the primary excitatory neurotransmitters in the central nervous system of vertebrates (1). Glutamate receptors are involved not only in the mediation of synaptic transmission but also in a variety of other physiological effects (2). Traditionally, receptor classification has been defined by structurally related agonists [kainate, quisqualate, and N-methyl-D-aspartate (NMDA)] that selectively open cation channels, thereby mediating neuronal excitation. Recently, however, this scheme has been expanded to include glutamate receptors that are linked to the production of second messengers (2).
[3Hjkainate affinity is decreased and is no longer guanine nucleotide sensitive. Upon reconstitution with purified G proteins, high-affinity guanine nucleotide-sensitive binding and kainate-stimulated GTPase activity can be restored. These observations indicate that a kainate receptor from goldfish brain functionally interacts with a pertussis toxin-sensitive G protein.
Glutamate and related acidic amino acids are the primary excitatory neurotransmitters in the central nervous system of vertebrates (1) . Glutamate receptors are involved not only in the mediation of synaptic transmission but also in a variety of other physiological effects (2) . Traditionally, receptor classification has been defined by structurally related agonists [kainate, quisqualate, and N-methyl-D-aspartate (NMDA) ] that selectively open cation channels, thereby mediating neuronal excitation. Recently, however, this scheme has been expanded to include glutamate receptors that are linked to the production of second messengers (2) .
Kainate, a cyclic analog of glutamate, activates monovalent cationic conductances in vertebrate neurons (1) , including goldfish retinal cells (3) . More recently, other cellular responses to kainate, some of which may be mediated by heterotrimeric guanine nucleotide-binding proteins (G proteins), have been described, including the following: the stimulation of an influx of Ca2+ through voltage-sensitive Ca2+ channels in both central neurons (4) and astrocytes (5) ; the reduction of K+ conductances in hippocampal neurons, in particular those involved in the slow inhibitory postsynaptic potential evoked by y-aminobutyric acid type B receptors (6) and voltage-dependent K+ channels (7) ; and the formation of the second messengers cGMP and nitric oxide (8) in the cerebellum.
The density of high-affinity kainate receptors in nonmammalian vertebrate brain is much greater than that of mammals. Kainate receptors from frog and chick brain have been purified (9, 10) with apparent molecular weights of approximately 50,000. Kainate-binding proteins from both Rana pipiens (11) and chick brain (12) have been cloned, and the amino acid sequences are very similar, suggesting that they may be versions of the same protein. Although there are sequence similarities with the ligand-gated channels, these proteins have not been shown to exhibit any ion channel activity. Recently, a high-affinity kainate receptor from rat brain has been cloned with a predicted molecular weight of 105,000 (13 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. aptosomes (19) by using 2% n-octyl P-D-glucopyranoside [octyl glucoside; final detergent-to-protein ratio of 20:1 (wt/ wt)] in HMEN buffer (20 mM Hepes-NaOH, pH 7.4/100mM NaCl/5 mM MgCl2/1 mM EDTA) with protease inhibitors (0.2 mM phenylmethylsulfonyl fluoride, aprotinin at 1 gg/ml, leupeptin at 1 gg/ml). The kainate receptor was purified by domoic acid affinity chromatography as described by Hampson and Wenthold (9) except that one column volume of 10 mM kainate was added to the column 10 min prior to elution and the DEAE separation was omitted. For some experiments, prior to elution with kainate, the column was first washed with buffer containing either 100 /LM guanosine 5 polyacrylamide minigels. These were fixed in 5% glutaraldehyde and stained with silver. Immunoblotting with KAR-B1 (1:25 dilution) was done as described by Hampson et coefficients of 1.6 and 1.4, respectively; Fig. 1 A and B) . Upon purification, linear Scatchard plots were observed. The loss of positive cooperativity in the purified preparations could reflect either a purification of one subtype of receptor or the loss of interaction between two binding sites.
The effect of glutamatergic ligands on [3H]kainate binding to reconstituted preparations is shown in Fig. 2B . The K1 values for unlabeled kainate, quisqualate, and glutamate were 0.04 ± 0.01, 18 ± 7, and 54 ± 22 uM, respectively. These results are similar to those for membrane-bound and soluble kainate receptor in goldfish brain (18, 19) .
SDS/polyacrylamide gels, run under reducing conditions, consistently revealed three polypeptides (Fig. 3, lane A) . The major band migrated with a molecular mass of -41 kDa, with less intensely staining bands of =45 and 35 kDa. The 41-and 45-kDa bands were labeled on Western blots by a monoclonal antibody (KAR-Bi) raised against the frog kainate binding protein (Fig. 3, lane C) . Therefore, these protein bands appear to share an epitope with the frog receptor, identifying these bands as possible kainate receptor components. We attempted to identify the copurified G protein by immunoblotting with several antisera directed against synthetic peptides that correspond to amino acid sequences from several G protein subunits. The antisera RM, AS, and GO recognize the carboxyl-terminal decapeptide of subunits as, at, and ao, respectively (22) . The antiserum GA was raised against a peptide common to many of the cloned a subunits (amino acids 40-54 of ail) and SW, against a , 8- polypeptide as a p subunit (Fig. 3, lane D) . All anti-a-subunit antisera recognized proteins in crude goldfish membranes; however, only GO showed immunoreactivity with purified preparations (data not shown). The signal was weak but consistently present at -40 kDa in all (n = 3) preparations tested. Specific elution of the ,B subunit with the kainate receptor was further confirmed by the fact that no proteins were detected in samples taken directly before elution with kainate, and after elution, the 35-kDa band coeluted with the 45-and 41-kDa bands. identified as a 13 subunit of a G protein, no longer appeared on silver-stained SDS/polyacrylamide gels (Fig. 3, lane B) . (Fig. SA) . Additionally, preincubation with GTP[yS] did not affect the migration in these preparations. These data demonstrate that treatment with GTP analogs can separate the kainate receptor from its coupled G protein.
Preparations of bovine brain G proteins were reconstituted with kainate receptor from which the endogenous G protein had been removed during purification. High-affinity, guanine nucleotide-sensitive [3H]kainate binding was restored by the addition of a mixture of partially purified G proteins at a 20:1 molar ratio of G protein to receptor (Fig. 6A) . Additionally, when purified a. and f3y subunits were reconstituted with receptor at a molar ratio of 2:5:1 (a/fry/receptor), hydrolysis of [y-32P]GTP by Go was increased in the presence of kainate (Fig. 6B ). This apparent functional interaction between kainate receptor and purified bovine Go suggests that the G protein purifying with the kainate receptor may be related to Go.
DISCUSSION
Previously, we have shown that goldfish synaptosomes contain a population of kainate receptors that couple to a pertussis toxin-sensitive GTP-binding protein (18) . This study provides direct evidence for this interaction by examining purified kainate receptor and G protein in a reconstituted system. Several lines of evidence indicate that the kainate receptor and G protein were purified as a functional complex: (i) The characteristics that classically define G-protein-linked receptors are displayed by the kainate receptor described in this paper (23) . This suggests that the physiological response of this receptor may be mediated by second messengers. As observed with native membranes (18) , treatment with pertussis toxin eliminated the interaction of the kainate receptor-G protein complex. Attempts to label the G protein by pertussis toxin-catalyzed ADP ribosylation using [32P]NAD showed only a very weak signal at approximately 40 kDa. The anti-p-subunit antibody SW strongly labeled a 35-kDa polypeptide on Western blots, while an antibody raised against the carboxyl terminus of the a subunit of mammalian Go, exhibited weak but consistent crossreactivity with a 40-kDa polypeptide. This suggests the G protein copurifying with the kainate receptor may be related to mammalian G..
Previously, kainate receptors have been purified from frog (9) and chick (10) brains with molecular masses of 48 and 49 kDa, respectively. In this paper, protein bands present in the purified preparations migrated with apparent molecular masses of 41 kDa (most prominent) and 45 kDa under reducing conditions. Using a monoclonal antibody against the frog kainate-binding protein (21), we identified these proteins as kainate receptor components on immunoblots. The receptors from frog (11) and chick (12) have been cloned and the amino acid sequences determined. These proteins are closely related (55% identity). Taken together, these data indicate that the goldfish kainate-binding protein may be related -to the frog and chick receptor. Although to date no function of these kainate-binding proteins has been described, the amino acid sequences suggest that these proteins are not homologous to known G-protein-coupled receptors.
We have defined the initial steps in the signal transduction pathway of a kainate receptor subtype; however, the subsequent events are presently unknown. Classically, kainate receptors are considered integral parts of ion channels (1). However, recent evidence indicates a portion of the kainate response actually may be mediated through AMPA receptors (14) (15) (16) . Our results suggest that a high-affinity kainate receptor is coupled to and probably mediates its effect through a G protein. A quisqualate-ibotenate type of glutamate receptor has been described that activates phospholipase C through a pertussis toxin-sensitive G protein (24) . Recently, cDNAs coding for this receptor have been cloned from the rat, and the molecular mass is predicted to be approximately 130 kDa (25, 26) . Kainate does not activate this protein when expressed in oocytes. Furthermore, kainate can inhibit the inositol phosphate response stimulated by certain other neurotransmitters such as carbachol, histamine, and norepinephrine (27) . The binding data in the present report indicate that this purified receptor is classically of the kainate subtype of glutamate receptor, with quisqualate only poorly displacing [3H]kainate. Therefore, it is highly unlikely that the kainate receptor described in the present paper is this metabotropic quisqualate receptor.
